Abstract The combined and individual effects of aluminium and sulphate at concentrations of 1,000 mg/l as Al(OH) 3 , and 150 mgSO 4 2-/L as K 2 SO 4 , respectively, on the anaerobic digestion of sludge from enhanced primary treatment (EPT) were evaluated in 1 L capacity semi continuous reactors. It was found that at 59 days, aluminium inhibits the specific methanogenic activity (SMA) of methanogenic and acetogenic bacteria resulting in a 50% to 72% decrease. Sulphate also inhibits (48% to 65%) the SMA of the same type of bacteria. Methanogenic and acetogenic bacteria were able to adapt, to a different extent, to the assayed concentrations of aluminium and sulphate. However, the combination of aluminium and sulphate resulted in a higher inhibition, especially of the hydrogenophilic methanogenic bacteria. Indeed, this effect remained during the time of the experiment, maintaining an inhibition of 44% at 114 days. Feeding with EPT sludge led to a bigger decrease in SMA of each bacterial group, with respect to the other treatments with time. It is concluded that the acidification of anaerobic reactors fed with EPT sludge is due, among other causes, to the concurrent presence of aluminium and sulphate.
Introduction
Wastewater treatment produces sludge that constitutes important environmental risks, since it is a concentration of pollutants originally present in wastewater, and attracts infectious vectors due to the decay of its organic matter fraction. Therefore, this material must be treated properly before its final disposal. To achieve this, there are various sludge stabilization processes. Among them, there is evidence that when treating waste biological sludge by thermophilic anaerobic digestion, the resulting sludge is close to the classification of Class "A" biosolids according to EPA regulations (EPA, 1996; Rojas et al., 2001) .
The application of thermophilic and mesophilic anaerobic digestion to the sludge produced by enhanced primary treatment (EPT) of wastewater using Al 2 (SO 4 ) 3 as flocculant and a high molecular weight anionic polymer as coagulant, presented some problems in lab scale digesters, such as the accumulation of volatile fatty acids (VFA), mainly propionic acid (Cabirol et al., 2002) . This caused a decrease in the buffering capacity of the pH in the medium, prevented the feeding with a higher organic load and resulted in a low conversion rate (stabilization) of the organic matter to methane.
There is scarce information in the literature on the effect of aluminium on the microbial consortium of anaerobic digestion, particularly on methanogenic bacteria. According to Jackson-Moss and Duncan (1991) , aluminium concentrations of 2,500 mg/L affect anaerobic digestion by an increase in the VFA concentration and a decrease in the bicarbonate alkalinity, with the expected decrease of pH from 7.58 to 6.3. The authors affirm that aluminium as hydroxide (Al(OH) 3 ) has no effect on anaerobic digestion, as long as the pH levels are close to neutral.
Methanogenic and acetogenic bacteria of the microbial consortium developed in an anaerobic digester fed with EPT sludge may be sensible to aluminium, among other compounds. Thus, the objective of this study is to determine the effect of aluminium and sulphate on mesophilic anaerobic digestion of sludge from EPT, evaluating the specific activity of methanogenic and acetogenic bacteria.
Methodology
The anaerobic inoculum was obtained from a UASB reactor treating wastewater from a process of corn syrup extraction. The granular inoculum had a concentration of total suspended solids (TSS) of 59.45 kg/m 3 with 85% volatile material, and a specific methanogenic activity (SMA) of 0.44 gCH 4 -COD/gVSS.day. Glass reactors of one litre capacity were used (Figure 1) , with 500 mL anaerobic inoculum and 100 mL anaerobic medium (Balch et al., 1979) . The reactors were fed every 24 hours with 10 mL of a glucose solution (final concentration of 1 g/L in the reactor). The applied treatment conditions were: control, no addition of Al nor SO 4 2-(C); 1,000 mg/L of aluminium as Al(OH) 3 (A); 150 mgSO 4 2-/L of sulphate as K 2 SO 4 (S); combined conditions of reactors A and S (A+S); conditions of reactor C fed with EPT sludge (sampled at WWTP of San Pedro Atocpan, Mexico) instead of glucose (EPT). During the experiment, pH was kept constant at 7.8.
Specific methanogenic activity (SMA) was determined in samples of all reactors at 59 and 114 days, in triplicate for the control and for each of four substrates (acetic acid 35.51 mg/mg VSS, propionic acid 55.43 mg/mg VSS, butyric acid 80.92 mg/mg VSS and hydrogen 0.8 atm/vial). The experiments were carried out in glass serological bottles, of 50 mL capacity, with 16 mL anaerobic medium, 4 mL samples from reactors and 0.4 mL of Na 2 S (2 g/100 mL).
Bottles were sealed with CO 2 /N 2 (20/80%) atmosphere with neoprene stoppers and metallic rings, and incubated at 35°C. The quantification of CH 4 and CO 2 was performed with a model 1200 Fisher chromatographer, with Porapak Q column. The SMA results were statistically analyzed using factorial variance analysis and Tukey's analysis (multiple media comparison), with Statistica version 5.5.
Results and discussion Table 1 shows statistically significant global differences (p<0.01) for SMA between the applied treatments at every substrate condition. The same statistic result is observed for the time variable (except for hydrogen, no significant difference) and for the interaction between time and treatments. Table 2 shows the results of Tukey's analysis (multiple mean comparison) for each SMA obtained in every tested condition. Considering assay A, it is observed that at 59 days, the aluminium (1,000 mg/L) had an inhibitory effect on the activity of methanogenic and acetogenic bacteria. In fact, the inhibitory effect was more important on acetogenic bacteria (SMA with propionic and butyric acid) than on methanogens, if compared with their control (Table 2 of competing with iron and manganese, or fixing to the bacterial cell membrane or wall (Pina and Cervantes, 1996) . However, at 114 days, the inhibition effect observed on the SMA of acetoclastic methanogens decreased to 12% (acetic acid as substrate) and to 22 and 21% for acetogenic bacteria (propionic and butyric acids as substrates). Moreover, the hydrogenophilic methanogenic bacteria (SMA with hydrogen) fully overcame the inhibitory effect of aluminium, since the SMA is statistically equal to the control at day 114. This inhibition decrease to absence is statistically confirmed, as presented in Table 1 . Bacteria were capable of adapting to this aluminium concentration, still lower than the value reported as inhibitory (2,500 mg/L) by Jackson-Moss and Duncan (1991) . In another study, aluminium at a concentration range of 0.10 to 10 mg/L was toxic for Escherichia coli in a physiologic solution; however, its toxicity decreased in culture medium, since in such conditions the bacterial resistance and the Al 3+ availability were modified (Bojic et al., 2002) . During the assay with sulphate (S), a similar response was observed at day 59, if compared with assay A. All bacterial groups were affected, with SMA reductions between 48%-49% (methanogens) and 56%-65% (acetogens). Also in this case, the bacteria were able to acclimate to sulphate at 114 days, recovering SMA values close to the control (activity reduction between 6 and 14%). However, in this assay, the hydrogenophilic methanogenic bacteria did not fully acclimate to sulphate, as it was the case for aluminium. Choi and Rim (1991) found that sulphate ions interfere with methanogenic activity by competition, favouring sulphate-reducing bacteria over methanogenic bacteria, when the ratio COD/SO 4 2-is equal or less than 1.7:1. However, Kalyuzhnyi et al. (1998) experimentally simulated and confirmed methanogenic inhibition with COD/SO 4 2-values equal or less than 10:1. According to this, assay S had an inhibitory COD/SO 4 2-ratio of 6.7:1 (1,000 mgCOD/L and 150 mgSO 4 2-/L). However, the observed inhibition at day 59 decreased with time (Table 2 , Figures 3 and 4) , confirming the acclimation of the four bacterial groups to the demanding COD/SO 4 2 ratio applied. In the case of the combined aluminium-sulphate treatment (A+S assay), the inhibition on the activity of methanogenic and acetogenic bacteria at 59 days of exposure were 66%-70% for the former, and 51%-72% for the latter. This behaviour is similar to that observed with individual treatments (A, S). Apparently, there is a higher inhibition with the combination of aluminium and sulphate, although not really significant since the SMA in the combined conditions is within the deviation range of one or both of the individual assays (Table 2, Figures 2 and 3) . At 114 days the inhibition decreased to 9% for acetoclastic methanogens, and to 24% for propionate acetogenic bacteria, a statistically similar trend to the one observed for the separate agents. Regarding the butyrate acetogenic bacteria and the hydrogenophilic methanogens, although inhibition also decreased to 36% and 44% respectively, the SMA values were significantly different to those obtained with the individual treatments, which may indicate a limited acclimation to the combined presence of aluminium and sulphate. Therefore, the association of both compounds may have synergistic effects on those bacteria.
Finally, in the reactor fed with EPT sludge (EPT assay), the SMA decreased for methanogenic and acetogenic bacteria to mean values of 62% and 74% at day 59, respectively. At this time, the higher inhibition for all assays and bacterial groups were due to EPT sludge on acetogenic bacteria. At the end of the experiment (day 114), the acclimation response in the EPT assay was clearly limited and statistically different to all other treatments, maintaining SMA inhibition around 70%, excepting the hydrogenophilic bacteria, which had a SMA decrease of 50%, similar to the one obtained in the S+A assay (Table 2, Figure 2 and 3). It has been reported that EPT sludge (with aluminium sulphate as flocculent reagent) in anaerobic digestion leads to an accumulation of volatile fatty acids, as well as to a decrease in the methanogenic activity (Cabirol et al., 2002) . SMA reduction may be due, in part, to the combined presence of aluminium and sulphate, as previously demonstrated. However, these compounds are not the only inhibition factors present in this type of sludge, considering the higher and more perdurable inhibition obtained in the EPT assay. Figure 2 graphically confirms the time-related inhibition decrease over the acetoclastic methanogenic bacteria in reactors A, S and A+S, as well as the higher inhibition of hydrogenophilic methanogenic bacteria in reactors A+S and EPT. Acetoclastic methanogenic bacteria seem to be less sensitive to a combination of aluminium and sulphate than hydrogenophilic methanogens. Figure 3 depicts the good acclimation response of acetogenic bacteria, excepting the case of EPT sludge; also, it corroborates the higher inhibition of aluminium over acetogenic bacteria compared to methanogenic bacteria at day 114. Each bacterial species may have a different resistance; Jarrel et al. (1987) observed that Methanobacterium thermoautotrophicum (hydrogenophilic) was more sensitive to zinc than Methanosarcina barkeri (acetoclastic).
Conclusions
Aluminium at a concentration of 1,000 mg/L affects the activity of methanogenic and acetogenic bacteria. The observed inhibition for hydrogenophilic methanogenic bacteria decreases with time until it disappears, revealing a possible adaptation of the microorganisms.
At a COD/SO 4 2-ratio of 6.7:1, the observed SMA inhibition for acetoclastic methanogenic and acetogenic bacteria decreases with time. Apparently, the ratio COD/SO 4 2-must be lower to drastically favour sulphate-reducing bacteria. Aluminium and sulphate, at the combined concentrations used in this study, had a synergistic inhibition, mainly on hydrogenophilic methanogenic bacteria.
In the reactor fed with sludge from an enhanced primary treatment plant (EPT), the inhibition of the acetoclastic methanogenic and acetogenic bacteria is higher at 114 days than that observed for the combined aluminium and sulphate. This suggests the presence of other inhibiting compounds in the EPT sludge.
